Eucalypt plantation has high economical importance in Brazil; however, it has been attacked by various pathogens under different environmental stress conditions. Disease resistance and survival under unfavorable environmental conditions have revealed that the eucalypt has developed highly efficient defense systems. t o o t h e r a l r e a d y k n o w n m o l e c u l e s , s u c h a s p l a n t -s i g n a l i n g molecules, phytoalexins, lignin biosynthesis pathways, PR-proteins an d p u tati v e g en es co r resp o n d i n g to e n zymes i n v o l v ed in t h e detox ification of reactiv e o xyg en species, were id entified. We a l s o p r e s e n t g e n e r a l c o n s i d e r a t i o n s a bout the mechanisms of Eucalyptus defense against biotic and abiotic stresses. These data are of extreme importance for future eucalypt breeding programs aimed at developing plants with enhanced resistance against pathogens and environmental stresses.
Several defense mechanisms against pathogen attack are known for plants. Each of these mechanisms is controlled by a different set of genes, some of which have been almost completely identified. These mechanisms can be divided into two groups: those depending on hostpathogen interactions (resistance genes) and those related to unspecific response to pathogens, phytoalexins, PR-proteins etc. (12) .
Currently, genes belonging to the gene-to-gene system proposed by Flor (15) can be divided into two groups, one group has a coding region for leucine-rich repeats (LRRs) and the other group has a coding region for a nucleotide binding site (NBS). These domains can be involved in the plant-pathogen recognition mechanism and these proteins recognize extracellular products of avirulence (avr) genes considered elicitors by the host (5).
The class of resistance genes is characterized by the presence of LRRs and protein-kinase function, with absence of a NBS, including, for example, the wheat LR10 gene of resistance to Puccinia (14) .
Nowadays, the expressed sequence tag (EST) sequencing allows the analysis of expressed genes and has accelerated gene discovery. The establishment of putative functions for ESTs by means of comparisons with genes and sequences, the functions of which are already known, is very important to learn defense mechanisms. These hypotheses can be tested in functional genomic procedures and the results may help the plant breeding process. ESTs can also be useful probes for mapping studies (19) .
The aim of this study was to identify in the Eucalyptus EST Bank (FORESTs) ESTs of high similarity to genes involved in the plant defense mechanism against biotic and abiotic stresses (Figure 1 ). Understanding the genetic basis of these defense mechanisms will help the genetic improvement of those traits in Eucalyptus.
MATERIAL AND METHODS
The Eucalyptus genome project (FORESTs) (16) DNA sequences coding for proteins and enzymes involved in the Eucalyptus defense mechanism against biotic and abiotic stresses were searched by using a BLAST-P program with a threshold of E-value < 10 -46 (3). Each sequence coding for these proteins, which were used for analysis, was from the National Center for Biotechnology Information (NCBI) and the protein was analyzed by using the TBLASTN program (3) against Eucalyptus EST clusters. Once the corresponding putative protein of the Eucalyptus cluster was obtained, it was again aligned by comparing the BLASTX program to NCBI in order to check the sequences.
RESULTS AND DISCUSSION

Cell surface communications and signaling system
The plant cell wall is the first line of defense against any potential pathogen and environmental changes. Spores from a number of pathogenic fungi produce or are coated with adhesive material in order to attach to the plant surface. During germination, a germ tube grows across the plant surface, often in response to specific environmental conditions and locations. A variety of strategies are adopted to enter the host, including the elaboration of a specialized infection cell, the appresorium.
The cuticular layer is composed of surface wax and a hydroxy fatty acid polymer named cutin (26) . The latter has 2 large families of monomer compounds consisting of C16 and C18 chains. Uchiana & Okuyama (50) identified two major cutin components which induced appresorium formation at nanomolar concentrations and fungal behavior after alterations in the carbon chain of the fatty acid.
Sweigard et al. (49) suggested that various funguses secrete cutinases on the leaf surface, and the extracellular cutinase may promote the release of cutin monomers which may bind to a specific subcellular receptor, inducing the appresorium formation.
A number of conserved pathways are involved in transducing signals from the environment to the cells. They are controlled by molecules such as cyclic nucleotides, Ca ++ and phosphoinositides. Extacellular signals are transduced via protein-protein interactions (35) . Reversible covalent modifications of proteins through phosphorylation mediated by the opposing reactions of kinases and phosphatases, as well as the analogous exchanges of phosphate potentials in GTP-binding proteins, play essential roles in signal transduction. The membrane receptors responsible for the pathogenhost specificity are similar to the kinase receptor-like proteins (RPK) found in animals and plants (28) . RPK proteins have three main domains: a) extracelullar domain with leucine-rich repeats (LRR) and leucine zipper motif (LZ) involved in recognition and protein-protein interaction; b) transmembrane domain (hydrophobic) related to membrane binding; and finally c) intracelullar domain with catalytic function (kinase). Resistance genes are divided into classes. The first class corresponds to genes encoding for LRR proteins and nucleotide binding site (NBS) with or without the LZ region. The NBS-LRR type comprises genes containing both a 5' terminal NBS and a 3' terminal LRR of various lengths.
In our search at the FORESTs database, we found genes homologous to LRR and NBS-LRR-type resistant protein, HV1LRR1 and HV1LRR2, RPM1disease resistance protein, RPR1h protein, LRK1 protein, and L-zip+NBS+LRR protein ( Table 1) . The second class, with a kinase and/or a LRR domain, is represented by Cf-2, Cf-4, Cf-9, Xa-21, and Pto genes, which have a 5' LRRs and/or a serine/ threonine kinase domain (4). Evidence supports that the highly variable LRRs in both classes of R genes may play a role in pathogen recognition, providing a structural backbone that has been modified over evolution in response to the variation in Avr gene products from the pathogens (39) . Those enzymes are easily localized because they have a transmembrane domain. The proteins encoded by Pto, Xa21 and Fen genes have a catalytic site (kinase) in the C-terminal protein portion, which is probably involved in the protein phosphorilation during the signal transduction. In the FORESTs databank, there are EST sequences similar to kinases and/or a LRR-resistant gene type domain, and the EST clusters are similar to receptor-like serine/threonine kinase of A. thaliana and MAP3K protein kinases of A. thaliana and Oryza sativa (Table 1) .
In plants, salicylic acid (SA) is involved in various physiological processes like stomatal closure, flowering induction and heat production; it also plays a central role in the defense against pathogen attack. To date, plant genes known to be induced by SA are not primary response genes; instead, they respond later and are dependent on new protein synthesis. This class of genes is exemplified by pathogenesis-related (PR) proteins, such as PR-1, PR-2, PR-3, PR-4 and PR-5 (53). The biosynthetic pathway of SA appears to begin with the conversion of phenylalanine into transcinnamic acid (t-CA) catalyzed by phenylalanine ammonia-lyase (PAL).
The plant hormone ethylene is synthesized during several development stages, including seed germination and ripening; it is also produced in response to infections by pathogens and injuries by herbivores (48) . Ethylene plays an important role in plant defense to pathogen attacks as one of the systemic signal transducers (1). It activates the transcription of defense-related genes of PR proteins (48) , which are widely distributed in plants and are toxic to invading pathogens. The biosynthesis of ethylene is largely understood. 1-amino-cyclopropane-1-carboxylic acid (ACC) synthase and ACC oxidase play a main role in ethylene synthesis. ACC synthase catalyzes the conversion of S-adenosyl-L-methionine (SAM) into ACC, and ACC oxidase converts ACC into ethylene, carbon dioxide and cyanide (13) . EST clusters related to the enzymes ACC synthase and ACC oxidase involved in the biosynthesis of ethylene, are present in the eucalypt database (Table 2) .
Ecker (13) proposed the following model for ethylene response pathway: ethylene may bind to and activate the receptor, likely inactivating CTR1, which codes for a product that acts as a negative regulator of the ethylene response pathway, allowing the product of EIN2 gene to activate a number of terminal ethylene regulated genes, possibly acting on genes like EIN3 and ERFs. The enzyme coded by CTR1 has kinase functions, which is important to its actions in the phosphorylation cascade in ethylene signaling events. A homolog to CTR1 of Arabidopsis thaliana is present in FORESTs database (Table  2 ). Predicted eucalypt amino acids similar to ERFs (EREBPs) were found in the databank.
The ethylene-responsive defense genes are PR-2 (glucanases), PR-3, PR-4, PR-8 and PR-11 (chitinases). The substrates for those types of enzymes, chitinases and glucanases suggest that they act against cell walls of fungi and bacteria (51) . These data indicate that the ethylene biosynthesis and response in eucalypt are very similar to those in other plants.
Ethylene is a volatile plant hormone of multiple functions. It is known to be synthesized in response to injuries or infections by pathogens (7).
Kieber et al. (24) examined a million A. thaliana plants and observed some mutants that were not affected by ethylene, stopping reacting to its presence or inhibiting it, which tends to alter the growth. These mutants don´t have the gene that commands the production of the enzyme protein kinase, which adds a protein phosphatic group. The gene of protein-kinase is similar to that of enzymes of plants, animals and men, which suggests a universal link among how messages are interpreted. Jasmonic acid (JA) and its methyl ester (MeJA) derivative are compounds that occur simultaneously in plants. In addition to its participation as a plant growth regulator, JA plays an important role in plant defense, acting as an intracellular signal transducer and an inducer of defense gene transcription (6). JA is synthesized from oxylipin pathway and is induced by abiotic and biotic stresses, such as injury, osmotic stress, pathogen attack and elicitor treatment. JA action is thought to be mediated by a still unknown JA-receptor. The pathogenesis-related proteins PR-2 (â-glucanases), PR-3 and PR-4 (chitinases), PR-5 (thaumatin-like proteins), PR-6 (proteinase inhibitor), PR-10 (ribosomal inhibitor proteins), HRGP (extensions) and cyclophilins are defensive proteins known to be jasmonateinduced. The first compound metabolized in JA biosynthesis is alinolenic acid (LA). The major source of LA are plastid membranes; it is also a substrate for lipoxygenase (LOX). In the FORESTs database, we found a high similarity of LOX to other dicotyledonous LOX such as those of A. thaliana and potato (Table 2) . LOX was expressed in most sugarcane tissues, although at higher amounts only in roots or plants infected with bacteria (28) .
The next step in JA biosynthesis is the formation of allene oxide through the enzymes allene oxide synthase (AOS) and allene oxide cyclase (AOA). AOS is highly homologous to AOS from tomato. AOS and AOA homologous enzymes were identified in the FORESTs database (Table 2) .
Detoxification genes and reactive oxygen species
As regards the enzyme Glutathione S-transferase (GST), McGonigle et al., (31) concluded that a high level of hydrogen peroxide induced a great increase in the enzyme's mRNA in soybean cells. Most GSTs found in plants were isolated as a result of their induction by several treatments, including indole-acetic acid, ethylene, herbicides, infection by pathogens, intoxication by heavy metals, and high temperatures (31) . Several GSTs were identified in a variety of plant species, and their complete sequence of primary amino acids was determined. Homologous genes associated with GST were identified by comparing the data available in NCBI and GeneBank databases with those available in the sequence database of FORESTs project. Considering GST enzyme, clusters EGRFST2233B11.g were selected since they showed the best e-values, as well as the best identity, when compared among different organisms (Table 3) .
According to Scandalios (42) , the evolutionary origin of Superoxide Dismutase (SOD) is not clear; however, the available information suggests that the three existing types of SOD are included in two phylogenetic families, Cu/ZnSOD and Fe-/MnSODs. FeSODs and MnSODs are closely related since they share a high degree of identity between their amino acid sequences and homologous structures but are not related to Cu/ZnSODs.
When a plant enters senescence, the activities of all SODs and other oxygen-detoxifying enzymes (such as catalase and glutathione reductase) decrease. Such observations are consistent with the proposition that free radicals play an important role in senescence and in the process of aging. Homologous genes associated with Fe/ SOD were identified by comparing the data available in NCBI and GenBank databases with those in the sequence database of the FORESTs project. Clusters EGEQRT3100G07.g and EGEZRT3005F09.g were selected since they showed the best e-values, as well as the best identity, when compared among different organisms (Table 3 ). The similarity between sequences from clusters and the selected organisms can be observed for the species Arabidopsis thaliana and Raphanus sativus.
Peroxidase can be considered a biochemical stress marker resultant of both biotic and abiotic factors. According to Gaspar et al. (17) , peroxidase is the key molecule in the adaptation of plants or some of their organs individually to environmental changes. Homologous genes associated with peroxidase were identified by comparing the data available in NCBI and GeneBank databases with those in the sequence database of the FORESTs project. Cluster EGEQST2200H09.g was selected since it showed the best e-values, as well as the best identity, when compared to A. thaliana (Table 3) .
Catalase (CAT), a metalloprotein in the group of porphyrins, is found in all aerobic organisms and catalyzes hydrogen peroxide dismutation, converting it into water and molecular oxygen. Homologous genes associated with CAT were identified by comparing the data available in NCBI and GeneBank databases with those in the sequence database of the FORESTs project. Cluster EGEQLV1201F10.g was selected since it showed the best e-values, as well as the best identity, when compared to Pisum sativum (Table 3) .
Phytoalexins
Phytoalexins are low molecular weight antimicrobial compounds produced by plants as a result of stress or infection. They are located around the infection site and the speed and magnitude at which they are produced and accumulate appear to determine the disease reaction in some interactions of plants with fungi and bacteria (27) . Phytoalexins are produced in plants according to their botany families but isoflavonoids, sesquiterpenoids, polyacetylens and furanosequiterpenoids predominate. There are 102 phytoalexins reported for Leguminosae: 84 isoflavonoids; 8 furanoacetylenes, 4 stilbenes, 3 benzofurans, 2 chromones and 1 flavones. Three basic pathways for the biosynthesis of secondary metabolites in plants are the acetatemalonate, acetate-mevalonate and shikimate (27) .
The synthesis of phytoalexins in plants is associated with the general metabolism of phenylpropanoids, including enzymes related to other processes, such as PAL, caffeic acid 3-O-methyltransferase (COMT) and 4-coumarate CoA ligase (4CL). This process also has specific enzymes such as chalcone synthase (CHS), chalcone isomerase (CHI), isoflavanone synthase (IFS), and isoflavone reductase (IFR). PAL is the first and a key regulatory enzyme in the metabolic pathway of phenylpropanoids; it catalyzes the deamination of L-phenylalanine to produce trans-cinnamic acid, leading to the formation of a wide range of secondary metabolites (43) . In the FORESTs database, we found clusters similar to PAL (Table 4 ) and the enzymes COMT, 4CL, CHS, CHI, IFS, IFR involved in phytoalexin biosynthetic pathway.
Pathogenesis-related proteins (PR-Proteins)
PR-1 is the most abundant PR protein and is induced in infected plant tissue (2). PR-1 genes are expressed due to various external stimuli like pathogens, injury, chemical elicitors, hormones, UV light (9) and salicylic acid. PR-1 proteins contain a hydrophobic N-terminal region of 30 amino acids that probably function as a signal peptide for the translocation to the endoplasmic reticulum (38) . The FORESTs database has sequences (EGSBRT3122B04.g and EGBMCL1291G04.g) similar to C. annum PR-1 and a precursor protein of maize, respectively (Table 5) .
PR-2 can act directly or indirectly against pathogens: directly by degrading the pathogen's cell wall glucan, the major wall component of many pathogenic fungi (55) , and indirectly by promoting the release of oligosaccharides from the pathogen's cell walls, which can act as elicitors of defense reactions (8). PR-2 corresponds to b-1,3-glucanases (glucan endo b-1,3 glucosidases) capable of catalyzing endo-type hydrolytic cleavage of b-1,3-D-glucosidic linkages in b-1,3-glucans. b-1,3-glucanases (bGlu) are abundant proteins implicated in plant defense mechanisms, as well as in several physiological processes of healthy plants.
PR-2 proteins are classified into three different structural classes (32): a) Class bGlu I comprises basic proteins located in the cell vacuole and accumulated at higher concentrations in the roots and at lower levels in mature leaves of healthy tobacco plants.
b) Classes bGlu II and bGlu III are secreted into the extracellular space.
We found four clusters of high similarity; these clusters of the PR-2 or Beta-1,3-glucanase family were similar to proteins of Fragaria X Ananassa, Prunus persica; Hevea brasiliensis, and A. thaliana (Table 5) .
PR-3, PR-4, PR-8, PR-11 (Chitinases) are ubiquitous enzymes of bacteria, fungi, animals and plants. They hydrolyze the b-1,4-linkage between N-acetylglucosamine residues of chitin, a structural polysaccharide of the cell wall of a number of fungi.
PR-3 subgroup includes several classes of chitinase and all of them have chitin-binding domain (CBD). The family class is classified according to homologous sequences and presence/absence of a particular binding site. Six classes of PR-3 have been described based on amino acid sequence homology: Classes I, II, IV, V, VI and VII (37) . Most class I chitinases have a C-terminal pro-peptide necessary for -20 their targeting to the vacuole. There were seven clusters of high similarity to PR-3 chitinases in the FORESTs bank (Table 5 ). Four Eucalyptus clusters were similar to class I chitinase of Gossypium hirsutum and Arabis holboelli, one cluster was similar to class IIa chitinase of Gossypium hirsutum and another cluster to class IV chitinase of Daucus carota. Class I chitinases are associated with the biochemical defense of plants against potential pathogens (10) . Class IIa chitinase is pathogen-induced and, according to Huynh et al. (20) , this chitinase showed greater antifungal activity when tested in vitro against the growth of Trichoderma reesei, Alternaria solani, and Fusarium oxysporum. Class IV chitinases are also induced by pathogens and by salicylic acid treatment; they were expressed during leaf senescence in Brassica napus (18) . Among the Eucalyptus clusters, three were analyzed according to the similarity of predicted amino acids to classes I, II and IV of PR-3 from dicots. Two clusters showed absence of twenty-one amino acids at the N-terminal region, which represents a signal region, and had the stop codon at the C-terminal region. The predicted amino acids of these clusters aligned with class I chitinase of cotton at 75-78% similarity. The predicted amino acid sequences of these Eucalyptus clusters contain cysteine-rich N-terminal domains with eight conserved cysteine residues that are essential for chitin binding (45) or improve the chitin-hydrolyzing activity of chitinases (56) . Another Eucalyptus cluster was similar to class IV chitinase with translational start site of the major open reading frame (ORF) and stop site. The nucleotide sequence of cDNA encodes a predicted 274-amino acid protein containing 81% of conserved amino acids for a class IV chitinase of Daucus carota. This Eucalyptus cluster contains cysteine-rich Nterminal domains and is smaller due to deletions when compared to class I chitinases. The Eucalyptus cluster also had the amino acid Tyr-182, which is the active site of the predict class IV chitinase (20) .
PR-4 family is divided into classes I and II. Class I is represented by hevein, a small anti-fungal protein found in Hevea brasilienses (52) . Hevein has a three-dimensional structure similar to domains of wheat-germ agglutinin and other cereal lectins. The sequence precursor is highly homologous to cDNA encoding for an injury-induced protein (called Win) of potato. The Eucalyptus database contains EST clusters homologous to class I PR-4 of Vitis vinifera (Table 5) . Two clusters showed above 76% similarity to grapevine and barley seed basic protein, which presents similarity to the proteins encoded by the injury-induced potato and rubber tree genes.
PR-8 includes chitinases belonging to class III, which in turn belong to the family 18 of glycosyl hydrolases (36) . These pathogenesisrelated proteins were first described as lysozymes and were isolated from Parthenocissus quinquifolia and cucumber (34) . They were also isolated from Hevea brasiliensis latex, as heveamine, a dual lysozime and chitinase (21) . In plants, PR-8 has been induced by pathogen infection in Arabidopsis (44), tobacco (30) , barley (23) , and cucumber (30) , as well as by injury in cucumber (29) .
Class III chitinase can also be induced by pathogens, such as in Cucubita maxima, in which Neurospora crassa induced the expression of class III chitinase (25) . Although the predicted Eucalyptus proteins are full-length, they lack in their sequences the N-terminal cysteinerich domain, a predominant characteristic of class III chitinases from plants (25) . The amino acid residues at the putative catalytic site of the plant class III chitinases, aspartic acid and glutamic acid, are present at amino acid positions 129 and 149 (aspartic acid), and 133 and 153 (glutamic acid) in Eucalyptus predicted proteins similar to class III chitinases of rice and Hevea, respectively. PR-11 was first isolated from tobacco (33) and also belongs to family 18 of glycosyl hydrolases (36) . This protein is induced by pathogen infection and shares very little sequence homology with PR-8 and other plant chitinases, even though it presents the basic protein structure.
Two clusters were similar to class III chitinase (Table 5) . One of these clusters was 80% similar to class III chitinase from Oryza sativa and less similar to classes of PR-3 chitinases. Another Eucalyptus cluster showed 81% similarity to class III chitinase from Fragaria x Ananassa.
PR-5 (thaumatin-like) proteins were first detected in acidic extracts of tobacco leaves infected with Tobacco mosaic virus (TMV) (40) . Because of their high similarity to the sweet-tasting protein thaumatin from Thaumatococcus daniellii, these proteins were called thaumatinlike proteins (TLPs). Osmotin and NP24 are also related to thaumatin and accumulate in cultured tobacco and tomato cells, respectively, under osmotic stress. Since these two proteins are induced by pathogen infection, they also belong to PR-5 family (47) . It has been shown that TLPs have anti-fungal properties and are part of the plants' antifungal defenses (54) . In the FORESTs database, there is a putative PR-5 similar to PR-5 of maize and sunflower (Table 5) .
PR-6, proteinase inhibitors (PIs), was first isolated from seeds of Fabaceae, Poaceae, and Solanaceae (41). These are highly stable defensive proteins of plant tissues that are both developmentally regulated and induced in response to insect and pathogen attacks. PRs form structurally unrelated subclasses, with various regulations, affecting all types of proteolytic enzymes (serine-, cysteine-, aspartic-, and metallo-proteinases). Proteolytic enzymes are part of the virulence factor of pathogenic organisms and their inhibition may limit the availability of the amino acid source for the invader, among other effects. The inhibitory activity of proteinase was described for a number of plant-pathogen interactions including viruses, bacteria and fungi (11) . The induction of PR-proteins by insect or other mechanical injuries have been described for interaction with potato, maize, tomato, wheat and alfalfa. Five main factors can induce systemic expression of PRs: systemin, abscisic acid (ABA) or JA. Recently, tomato pin2 (proteinase inhibitor 2) gene was shown to be ABAindependent for systemin induction. In the eucalypt EST database, there are two clusters (EGJQFB1001F12.g and EGEQST6002D02.g) similar to Glycine max and Oryza sativa, respectively. PR-7 family has as one of its members an alkaline proteinase (PR-P69) and isoforms expressed in tomato after pathogen infection (22) . Tobacco leaves were found to constitutively express an extracellular aspartyl-proteinase of 36-40kDa which cleaves PR proteins under acidic conditions, these proteinases may be involved in the regulation of PR proteins, deactivation and recycling. In the FORESTs database, there are sequences similar to putative rice orizasin and aspartylprotease precursor (Table 5) .
PR-9 peroxidases are heme-containing glycoproteins that catalyze the oxidation by H2O2 of a wide range of organic and inorganic substrates. They occur in numerous isoforms in plants, animals, fungi and bacteria (17) . In plants, peroxidases are key enzymes in wallbuilding processes like cross-linking of polysaccharides and extensin phenylpropanoid monomers, as well as in suberization. In addition, specific isoenzymes, similar to a lignin-forming peroxidase, were recognized as PRs in tobacco and were classified as PR-9 (47) .
Considering the wide variety of known peroxidase genes, our efforts concentrated on finding EST clusters similar to driver sequences associated with pathogen interactions and related situations. We have found putative homologs to PR-9 of rice, wheat and Arabidopsis (Table 5) in the FORESTs databank.
PR-10 family has as its characteristic member a protein isolated from parsley which shares structural homology with ribonucleases (46) . Proteins of the PR-10 family seem to be ubiquitous in plants, occurring in several plant species. Allergens from birch pollen grains, apple, and celery share sequence homologies with PR-10 family and are also included in this class. PR-10 proteins accumulate around sites of pathogen entry and injury; plant hormones (cytokinins, ABA, and ethylene) also induce the production of PR-10 transcripts. PR-10 can be present in seeds, roots, stem, flowers and senescent leaves. In the FORESTs, we found two clusters similar to PR-10: Vitis vinifera and Sorghum bicolor (Table 5) . EST sequencing allows the analysis of expressed genes and has accelerated gene discovery, in addition to the establishment of putative functions through comparisons of ESTs with genes and sequences, the functions of which are already known to include important defense mechanisms.
